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A R T I C L E I N F O A B S T R A C T
Refractory pharmaceuticals remain in biologically treated wastewater and are continuously discharged
into aquatic systems due to their limited biodegradability. Electrochemical oxidation is promising for the
treatment of such refractory compounds, in particular using a boron doped diamond (BDD) anode. This
study investigates the role of salts, such as sulfates and chlorides in the electrochemical treatment of
wastewater. The presence of sulfates accelerated the removal of ciproﬂoxacin and sulfamethoxazole, but
had no effect on the oxidation of salbutamol. This comparison highlights the selectivity of the reaction
between organics and sulfate radicals. The addition of chlorides into the solution led to a remarkably-
faster degradation of ciproﬂoxacin. However, incomplete mineralization was observed at high current
densities due to the signiﬁcant formation of halogenated organic compounds (AOX). The formation of
refractory and toxic compounds such as ClO4
! and AOX can be limited under the control of (i) applied
current intensity and (ii) duration of electrolysis. Electrochemical oxidation of concentrated biologically-
treated hospital wastewater investigated the excellent removal of biorefractory pharmaceuticals and
conﬁrmed the acceleration effect of salts on pharmaceutical degradation.
1. Introduction
Recently, numerous studies have demonstrated the occurrence
of micropollutants, especially biorefractory pharmaceuticals, in
the aquatic environment [1–4]. They pose signiﬁcant threats to the
sustainability of both ecosystems and the safety of drinking water
[5,6]. These molecules seems to be neither fully eliminated in the
conventional wastewater treatment plant with activated sludge
treatment [7–9] nor using a membrane bioreactor (MBR) process
[10]. Consequently, an alternative technique is required for their
efﬁcient elimination at source before disposal and dilution in
sewerage system.
It is well known that electrochemical oxidation using a BDD
anode represents a promising technique for the elimination of
persistent organics [11]. Indeed, the strong oxidation ability of the
BDD anode is due to the electrogeneration of hydroxyl radical
("OH) from the water discharge (Eq. 1).
H2O !
"OH + H+ + e– (1)
It is commonly assumed that electrogenerated hydroxyl
radicals, the most powerful oxidants in water (standard potential
E$ = 2.74 V / SHE [12]), are very active in the degradation of organic
molecules via the transfer of oxygen atoms. Numerous studies
were carried out to investigate the electrochemical behavior of the
BDD anode for the removal of pharmaceutical products, such as 17
b-estradiol [13], estrone [14], paracetamol [15], sulfamethoxazole
[16,17], atenolol [18] and trimethoprim [17] in synthetic solutions.
In all cases, total mineralization has been achieved. Moreover,
coupling processes using a step to preconcentrate the micro-
pollutants, followed by the electro-oxidation with the BDD anode
were performed for the treatment of real wastewater. Urtiaga's
group carried out a pilot system that integrated ultraﬁltration (UF),
reverse osmosis (RO) and electrochemical oxidation (EO) of
efﬂuents from wastewater treatment plants [19,20]. A group of
12 pharmaceutical products was selected to monitor their
degradation by the coupling processes. The treatment of the
solution by RO and EO coupling signiﬁcantly reduced the total
micropollutants. A previous study in our group performed the
electrochemical oxidation coupling with nanoﬁltration (NF) for the
treatment of biologically-treated hospital wastewater (by mem-
brane bioreactor treatment) [21]. The results demonstrated that
rapid mineralization occurred: the removal of total organic carbon
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(TOC) and chemical oxygen demand (COD) reached 97% and 100%,
respectively. Moreover, it was noticed that the COD of NF retentate
decayed at a faster rate than the theoretical values and the
experimental values obtained in a synthetic solution at the end of
electrolysis. It can be assumed that a distinct oxidation phenome-
non proceeds in addition to EO. With a BDD anode, it is possible to
generate strong oxidants from salts such as sulfates, carbonates,
and chlorides which are present in the solution [22]. These
oxidants can act as indirect oxidants for the mineralization of
micropollutants near the anode and/or in the bulk of the solution.
More speciﬁcally, sulfate ions which are often present in both
liquid efﬂuents and in natural water can be considered to be an
active electrolyte. Strong oxidants such as sulfate radicals (SO4
"!)
and persulfate (S2O8
2!) can be electrogenerated using a BDD anode
[23]. The mechanism of the formation of sulfate radicals and
persulfate is well known; only HSO4
! and undissociated H2SO4
react with "OH radicals to form sulfate radicals [24].
HSO!4 þ O H ! SO
"!
4 þ H2O k2 ¼ 6:9 ' 10
5M!1s!1 ð2Þ
H2SO4 þ
"OH ! SO"!4 þ H2O þ H
þ k3 ¼ 1:4 ' 10
7M!1s!1 ð3Þ
The radical SO4
"-may produce S2O8
2! by recombination [24].
SO
"!
4 þ SO
"!
4 ! S2O
2!
8 k4 ¼ 7:6 ' 10
8M!1s!1 ð4Þ
Recent studies have reported the inﬂuence of the presence of
sulfate on the removal of pharmaceuticals. Murugananthan et al.
have observed that the effective mineralization of ketoprofen can
only be achieved when the supporting electrolyte was Na2SO4,
comparing to NaNO3, NaCl and explained this phenomenon to the
generation of S2O8
2! and SO4
"! from SO4
2!with a BDD anode [25].
However, the actual role of sulfate and the relative electro-
generated oxidants in degradation of pharmaceutical products is
not sufﬁcient clear. Therefore, further studies are needed to
investigate the role of these oxidants in the degradation of
pharmaceuticals.
The presence of chloride ions allows increasing the efﬁciency of
the degradation of organics, while at the same time, toxic
perchlorate and halogenated organic compounds can be formed
during the treatment using BDD anode [26–30]. Since these
compounds pose a serious hazard for drinking water and aquatic
ecosystems [31,32] and are resistant to further oxidation, it is
extremely important to minimize the formation of these
compounds during water treatment.
Previous works have investigated that ClO4
! is generated via a
multistep oxidation pathway from chloride, as shown in reaction
(5) [32].
Cl
!
! OCl
!
! ClO!2 ! ClO
!
3 ! ClO
!
4 ð5Þ
Using a BDD anode, besides direct electron transfer reactions,
the electro-oxidation pathway of Cl! also includes the chemical
oxidation reactions with hydroxyl radicals [33–39]. The possible
pathway is exhibited in reaction scheme (6) listed in Table 1.
Cl- HOCl / OCl- ClO3- ClO4-
a
b
c 6e-
d 2e-
e OH
ClO2-
f 2e-
g OH
h OH, e-
(6)
Moreover, reactions of addition and substitution between the
organics and the active chlorine species (e.g. Cl2, OCl
-, HOCl) or
chlorine radicals (Cl", Cl2
"!) are mainly responsible for the
formation of undesired halogenated organic compounds [32].
Few studies discuss about possibility to control the production
of perchlorate and halogenated organic compounds using BDD
anode during the electroxidation process. Bergmann et al. has
indicated that a lower current density and a higher ﬂow rate may
reduce perchlorate production, but these actions also leaded to a
decrease in the treatment efﬁciency [26]. Donaghue and Chaplin
have investigated that the presence of organics in the solution
inhibits the formation of ClO4
! [43]. This was mainly to be due to
the fact that organics react with higher "OH reaction rates than the
reaction between ClO3
" and "OH to form ClO4
! (reaction h, Table 1).
Costa et al. have found that the formation of halogenated organic
compounds is favored in an acidic pH [27]. Schmalz et al. have
demonstrated that the formation of halogenated organic com-
pounds correlated with the electrical charge and didn’t depend on
the current density under their experimental conditions during
electrochemical disinfection of biologically-treated wastewater
[28].
Considering the presence of various salts in real wastewater and
the uncommon electrochemical properties of the BDD anode
allowing the possible formation of perchlorate and halogenated
organic compounds, a speciﬁc study is needed to suggest the
appropriate operating conditions to limit the formation of
undesired and toxic species.
The object of the present study is to investigate the positive
and negative impacts of the presence of salts (chloride, sulfate,
carbonate anions and calcium, magnesium cations) in the
electrochemical treatment of wastewaters containing
Table 1
Reactions of chlorine species during electrolysis.
Reaction Ref.
a Cl!! BDD(Cl") + e!
Cl"+ Cl"! Cl2
Cl2+ H2O ! HOCl + Cl
! + H2O
E0 = 1.36V [40,41]
b Cl! + nullOH $ ClOH
"
! k = 4.3 ' 109 M!1 s!1 [42]
c 6HOCl! þ 3H2O ! 2ClO
!
3 þ 4Cl
!
þ 12Hþ þ 3=2O2 þ 6e!
6OCl!1 þ 3H2O ! 2ClO
!
3 þ 4Cl
!
þ 6Hþ þ 3=2O2 þ 6e!
E0 = 0.46V [33]
d OCl! þ 2OH! ! ClO!2 þ H2O þ 2e
! (alkaline solution) [35]
e "OH + OCl!! "ClO + OH!
"OH þ "OCl
!
! ClO!2 þ H
þ
k = 9 ' 109 M!1 s!1
k > 1 '109 M!1 s!1
[34]
f ClO!2 þ 2OH
! ! ClO!3 þ H2O þ 2e
! (alkaline solution) [35]
g "OH þ ClO!2 !
"ClO2 þ OH
!
"OH þ "ClO2 ! ClO
!
3 þ H
þ
k = 6 ' 109 M!1 s!1
k = 4 '109 M!1 s!1
[34]
h
"ClO3 +
"OH ! HClO4
[39]
pharmaceuticals. This is the aim of proposing adequate operating
conditions to limit the risk of formation of toxic by-products. For
that, a ﬁrst section performed in synthetic solutions is devoted to
the study of the interaction between salts, such as chlorides and
sulfates with hydroxyl radicals generated at the anode surface
under anodic polarization. The consequences on the removal on
three targeted pharmaceuticals: ciproﬂoxacin, salbutamol and
sulfamethoxazole are studied. Particular attention has been paid
on the conversion and variation in concentrations of chlorine
species, as well as the formation of halogenated organic
compounds. Based on these studies in synthetic solutions,
electrochemical oxidation treatment of nanoﬁltration retentate
of biologically-treated hospital wastewater was performed. In
view to the application of the process in real wastewater, it is
studied the effect of the composition of the real matrix on (i) the
performance of the mineralization of pharmaceutical products,
(ii) the formation of by-products and (iii) the scaling on the
cathode.
2. Material and methods
2.1. Chemicals and solutions
2.1.1. Chemicals
The ciproﬂoxacin (CIP) (+ 98% purity) was purchased from
Fluka Company. USA). The salbutamol (SALBU) (Salbutamol,sulfate
+ 99% purity) and sulfamethoxazole (SMX) (+ 98% purity) were
obtained from Alfa Aesar and Fluka, respectively. All synthetic
solutions were prepared with ultrapure water (r = 18.2 MV cm).
The structures of these molecules are reported in Table 2.
Potassium sulfate (+ 99% purity) and potassium chloride (+ 99%
purity) were analytical grade and supplied by Fisher Science. Other
chemicals, organics or solvents were HPLC or analytical grade.
2.1.2. Wastewater source
The hospital wastewater was treated by a membrane bioreactor
(MBR) installed at Purpan hospital located in Toulouse, France [44].
It was directly fed from the hospital's sanitary collection system.
MBR efﬂuent contains salts, organics (total organic carbon around
20 mg L-1) and around 50 pharmaceuticals from 10 different
therapeutic classes [44]. Before electrochemical treatment, the
MBR efﬂuent was ﬁrstly concentrated by a NF process [21].
The batch ﬁltration was conducted in a cross-ﬂow ﬁltration
unit. The polyamide membrane: NE70 was installed into a stainless
cross-ﬂow cell (Sepa CF II, Osmonics) in which the effective
membrane area was 1.4 '10-2 m2. The NF retentate was collected
for a volume reduction factor of 5 (VRF = 5, correlating to the 80%
recovery) which is within the range that would be applied in a full-
scale system (30 - 90%). The NF retentate was the mixture from
several ﬁltrations. The characteristics of the wastewater matrix
(NF retentate of MBR efﬂuents) are presented in Table 3.
2.2. Analytical techniques
Concentrations of salts in synthetic solution and wastewater
were measured by ionic chromatography with an ICS 3000 system
(Dionex, France). The injection volume was 25 mL and the column
temperature was set at 30 $C. The concentrations of anions and
cations were analyzed with two columns (Thermo Scientiﬁc,
Dionex): IonPacTM AS11 (mobile phase: 95% of 5 mM NaOH and 5%
of 100 mM NaOH), IonPacTM CS12 (mobile phase: CH4O3S 20 mM),
respectively. Analytical errors for anions and cations ranged from
1.5% (Cl!) to 6% (SO4
2!). In this mobile phase, HClO was reported as
ClO!.
Pharmaceutical concentrations were measured by high perfor-
mance liquid chromatography connected with an ultraviolet-
visible spectrometry detector (HPLC-UV). The analyses were
conducted on Agilent 1200 Series HPLC systems (Agilent Technol-
ogies, USA). An Agilent ZORBAX Eclipse Plus C18 column (3.5 mm,
3 mm ' 100 mm) from Agilent Technologies was used. The
detection UV wavelength was set to 278 nm. The mobile phase
of HPLC consisted of a gradient of ultrapure water (with 0.1% formic
acid) and acetonitrile (with 0.1% formic acid) and the column
temperature was set to 30 $C. The ﬂow rate was 0.4 mL min-1 and
the volume of injection was 10 mL. The detection limit of
ciproﬂoxacin and sulfamethoxazole is 10 mg L-1 and 100 mg L-1
for Salbutamol. The analytical errors range from 0.2% to 1%.
Adsorbable organic halogens (AOXs) were analyzed in accor-
dance with the ISO 9562 Method [45]. ISO 9562 usually speciﬁes
the methodology for the direct determination of a concentration of
10 mg L-1 in water for organochlorine, bromine and iodine
(expressed as chloride) adsorbable on activated carbon.
TOC and inorganic carbon (HCO3
! in experimental conditions)
were measured with a TOC-VCSN instrument (Shimadzu). The
concentration of inorganic carbon was measured after acidiﬁcation
Table 2
Structure of target pharmaceuticals.
Ciproﬂoxacin (CIP) Salbutamol
(SALBU)
Sulfamethoxazole
(SMX)
Formula C17H18FN3O3 C13H21NO3 C10H11N3O3S
Molecular weight
(g mol-1)
331.3 239.3 253.3
Structure
Table 3
Physico-chemical characteristics and composition of the wastewater after NF.
Properties and target pharmaceutical Value Ions Concentration
(mg L-1)
pH 7.84 Na+ 161
Conductivity (mS cm-1) 1.2 K+ 34
COD (mg L-1) 86 Mg2+ 9
TOC (mg L-1) 40 Ca2+ 70
UV254 1.13 Cl
- 70
AOX (mg Cl L-1) 2300 NO3
- 152
SO4
2- 110
Target pharmaceutical PO4
3- 13
Ciproﬂoxacin (mg L-1) 81 HCO3
- 63
and degassing, performed automatically. TOC was calculated from
the difference between the total carbon and inorganic carbon. COD
was determined by photometry using disposable test tubes
(HI93754H-25 LR from HANNA Instruments) and a HACH DR/
2400 photometer. Test tubes were heated at 150 $C for 2 hours and
left to cool down at room temperature before measurement. The
analytic errors for TOC and COD were estimated to 5%.
2.3. Electrochemical set-up
The experimental solution was stored in a thermoregulated
glass reservoir (1) and circulated through the electrochemical cell
using a centrifugal pump (2) (Fig. 1). The ﬂow rate was 360 L h-1
and the volume of the solution was 1L. Electrolyses were
conducted at 30 $C in a one-compartment ﬂow ﬁlterpress reactor
under galvanostatic conditions (3). Electrodes were two discs of
69 cm2 of active surface. The BDD anode from Waterdiam
(Switzerland) was elaborated by chemical vapor deposition on a
conductive substrate of silicium. The cathode was a 1 mm thick
disc of zirconium. The current was supplied by an ELCAL 924 power
supply. The mass transfer coefﬁcient can be determined by Eq. 7 in
the operating range of ﬂow rate (120 - 300 L h-1) at 30 $C [46]:
kd ' 10
5 ¼ 0:0051F þ 0:4367 ð7Þ
where, kd is the mass transfer coefﬁcient (m s
-1), F is the ﬂow
rate in L h-1
In the present study, the mass transfer coefﬁcient correspond-
ing to the ﬂow rate of 360 L h-1 equals 2.30 ' 10-5m s-1. Before each
electrolysis, the working electrodes were anodically pretreated
(40 mA cm-2 for 30 min in a 0.1 M K2SO4 solution) to clean their
surfaces of any possible adsorbed impurities. Then the system was
rinsed by ultrapure water. Samples were taken at regular intervals
in the tank. The global volume of samples was less than 10% of the
total volume.
According to the properties of the BDD anode, limiting current
density can be deﬁned by using a global parameter, the COD [47].
ilim ¼ 4FkdCOD ð8Þ
where ilim is the limiting current density for the mineralization
of organics (A m-2), F is the Faraday constant (C mol-1) and COD is in
molO2 m
-3.
Depending on the value of the current density (i), two different
kinetic regimes can be deﬁned: (1) i < ilim: the kinetics of the
reaction is charge controlled; (2) i > ilim: the kinetics of the reaction
is controlled by mass transfer. In this paper, the oxidation was
under mass transfer control (i > ilim), thus the evolution of COD
with time can be expressed as equation (9):
CODðtÞ ¼ COD0exp !
Akdt
V
! "
ð9Þ
where V and A are the volume of the solution (m3) and the
electrode surface (m2), respectively.
In all electrolyses presented in this paper, the oxidation was
under mass transfer control and for [CIP]0 = 0.0695 mM, the
corresponding i$lim= 1.29 mA.
3. Results and discussion
3.1. Electrochemical oxidation of pharmaceuticals
Fig. 2 shows the decay of pharmaceuticals (ciproﬂoxacin,
salbutamol or sulfamethoxazole) during the electrolysis. The
complete removal of these pharmaceuticals is observed at around
250 min.
The comparison of the three pharmaceuticals shows an
exponential decay according to the process limited by mass
transfer (i > ilim) (Eq. 8). The removal of pharmaceuticals follows a
pseudo ﬁrst-order reaction (Eq. 10). The kinetic analysis is shown
in the inset panel of Fig. 2.
ln
Ct
C0
¼ !kobst ð10Þ
where t is the electroxidation time; C0 and Ct are the initial
concentration of pharmaceutical compound and concentration at
time t, respectively; kobs is the observed degradation rate of
pharmaceuticals.
The degradation rate of the three pharmaceuticals are almost
the same (0.0203 min-1, 0.0208 and 0.0168 min-1, for CIP, SALBU
and SMX, respectively) with a slight difference with SALBU.
It is well known that electrogenerated hydroxyl radicals react
massively with organics without selectivity. These reactions occur
very close to the BDD anode. The main pathways of "OH reactions
Fig. 1. Discontinuous process with a single compartment electrochemical reactor,
(1) a tank, (2) a pump, and (3) an electrochemical cell.
Fig. 2. Concentration variation of ~ciproﬂoxacin (CIP), ^salbutamol (SALBU),
&sulfamethoxazole (SMX) during electrolysis in 1L of K2SO4 0.02 mol L
-1. Operating
conditions: [SALBU]0 = 0.0671mmol L
-1, i = 7.25 mA cm-2; [SMX]0 = 0.0596 mmol L
-1,
i = 7.25 mA cm-2; [CIP]0 = 0.0695 mmol L
-1, i = 1.45 mA cm-2. Inset panel: kinetic
analysis of pharmaceuticals of SALBU, SMX and CIP during EO.
with pharmaceuticals are additions to C-C, C-N and C-S double
bonds and H-abstraction [33]. The kinetics of most addition
reactions are very high, typically in the order of 109-1010M-1s-1
[48,49]. Consequently, the degradation of pharmaceuticals under
mass transfer control is not selective and mainly depends on the
mass transfer coefﬁcient.
3.2. Effect of sulfate ions on pharmaceuticals elimination
As mentioned previously, only HSO4
! and undissociated H2SO4
react with "OH radicals to form SO4
"! and S2O8
2! (Eq. 2-4). To
investigate the role of sulfate species on the removal of
pharmaceuticals, the results obtained in Fig. 2 were compared
with the ones obtained in K2SO4 0.1 M (pH = 3.7 adjusted with
H2SO4 0.1 M solution). In K2SO4 solutions, sulfate anions, hydro-
genosulfate anions and undissociated sulfuric acid coexist,
depending on the pH. The concentration of each species can be
calculated from the dissociation constants of Eq. 11 and 12 [50].
H2SO4 + H2O ! HSO4
- + H3O
+ ka1 = 2.4 '10
6 (11)
HSO4
! + H2O ! SO4
2- + H3O
+ ka2 = 1.0 ' 10
-2 (12)
Table 4 presents the concentrations of HSO4
! and SO4
2! and the
pharmaceuticals in both solutions. The main form of sulfate is
SO4
2-, the concentration of undissociated H2SO4 is negligible.
Moreover, it can be observed that the concentration of HSO4
! in a
K2SO4 0.02 M solution is 2000 times lower than in a K2SO4 0.1 M
pH = 3.7. Consequently, the production of SO4
"! and S2O8
2! is less
signiﬁcant in K2SO4 0.02 M solution.
Fig. 3 shows the degradation of SALBU, SMX and CIP in both
electrolytes. It is interesting to observe that the effect of electrolyte
composition depends on the nature of the pharmaceuticals.
The same degradation rate of SALBU was observed (Fig. 3 (a)) in
both electrolytes whatever the conductivity of the solution (4.7 mS
cm-1 for [K2SO4] = 0.02 M and 20 mS cm
-1 for [K2SO4] = 0.1 M).
However, greater degradation rates of SMX (Fig. 3 (b)) and CIP
(Fig. 3 (c)) were obtained in K2SO4 0.1 M, which indicates that
another phenomenon occurred in both electrolyses. Additional
chemical reactions between organics and electrogenerated
oxidants from hydrogenosulfate anions, such as sulfate radicals
or persulfate anions (Eq. 3 and 4) can explain these results.
Thermodynamically, SO4
"! (E$ = 2.6 V) is a stronger oxidant than
S2O8
2! (E$ = 2.01 V). SO4
"! can react selectively and rapidly with
pharmaceuticals that are close to the anode surface, with in an
order of 109-1010 M-1 s-1 [51], while the reaction of S2O8
2! with
many organics is kinetically slow [52]. Moreover, it was reported
that S2O8
2! was not capable of oxidizing CIP and SMX without
activation to SO4
"! [53]. Therefore, the SO4
"! plays a dominant role
on the additional oxidation of pharmaceuticals in the presence of
hydrogenosulfate.
In general, SO4
"! is more likely to participate in electron
transfer reactions [49,51,54] than "OH which is more likely to
participate in hydrogen abstraction or addition reactions [55,56].
The former reactions are selective while the later ones are non-
selective. The acceleration phenomena were observed in the
degradation of SMX and CIP but not in SALBU, which exclusively
correlates with the fact that SO4
"! reacts selectively with organics.
Overall, the electrogenerated SO4
"! also accelerated the
removal of TOC (Fig. 4) and COD (not shown). Results show that
84% of TOC and 100% of COD was removed in a K2SO4 0.1 M
solution, while in a K2SO4 0.02 M solution, only 71% of TOC and 86%
of COD was removed after 300 min of electrolysis.
3.3. Electrochemical oxidation of pharmaceuticals in the presence of
chloride
To investigate the role of Cl! during electrolysis, besides the
pharmaceutical degradation, it is important to study the conver-
sion of chlorine species and the formation of AOXs, which could be
Table 4
Concentration of SO4
2-, HSO4
! and pharmaceuticals in synthetic solutions at initial
time.
Concentration (mol L-1) [K2SO4] = 0.1 mol L
-1
pH = 3.7
[K2SO4] = 0.02 mol L
-1
pH = 6.4 (initial)
[SO4
2!] 9.8 ' 10-2 2 ' 10-2
[HSO4
!] 1.9 ' 10-3 8 ' 10-7
[SALBU] 6.77 ' 10-5 6.71 '10-5
[SMX] 6.23 ' 10-5 6.95 '10-5
[CIP] 6.23 ' 10-5 6.95 '10-5
Fig. 3. The normalized concentration of pharmaceuticals during electrolyses: (a)
SALBU, i = 7.25 mA cm-2; (b) SMX, i = 7.25 mA cm-2; (c) CIP, i = 1.45 mA cm-2 in
K2SO4 0.1 mol L
-1, pH = 3.7; K2SO4 0.02 mol L
-1, pH range = 6.4-4; i > i0lim. Error
bars = 1%. Inset panel: kinetic analysis of pharmaceuticals during EO.
a potential environmental hazard. The range of the Cl! concentra-
tion in a synthetic solution was chosen according to the
concentration range in the NF retentate (Table 3).
3.3.1. Oxidation of CIP and Cl-
Fig. 5 (a) shows the degradation of CIP in the presence and
absence of chlorides for the speciﬁc applied current densities close
to the limiting current density.
The obvious acceleration for CIP degradation is observed in the
presence of Cl-: the complete removal of CIP was reached at 80 min
in the presence of Cl! while 240 min in absence of Cl!. Moreover,
the presence of Cl! also posed a signiﬁcant positive effect on the
removal of TOC (Fig. 5 (b)). After an electrolysis time of 300 min,
90% of TOC removal was reached, compared to only 70% without
Cl! ions. The acceleration effect of the presence of chloride ions in
this study correlated with the electrogenerated active chlorine (Cl2,
HClO or ClO!) which can indirectly oxidize the organics
[13,14,57,58]. Moreover, due to the electrochemical properties of
BDD, chloride radical (Cl") is the ﬁrst-step product of direct
oxidation of chloride with BDD anode [40] (Table 1, reaction a).
Besides active chlorine, additional inorganic oxidants such as
SO4
"! can be formed from the reaction between Cl" and SO4
2! [59]
(Eq.13). This radical also play a positive role in the oxidation of
organics.
Cl
"
þ SO2!4 ! SO
"!
4 þ Cl
!
k11 ¼ 2:5 ' 10
8M!1s!1 ð13Þ
The effect of the presence of Cl! on mineralization of
pharmaceuticals seems to be surprisingly adverse at a high
applied current density. It has been found that TOC removal
reached 90% in the presence of Cl! at 1.45 mA cm-2 (i - i0lim), while
decreased dramatically to 40% at 43.5 mA cm-2 ( i
i0lim
> 30). The
efﬁciency of mineralization highly related to the applied current
density. Low removal of TOC may be attributed to the possible
formation of halogenated organic compounds during electrolysis.
To explain this surprising effect, a further study in the next section
focuses on the formation of halogenated organic compounds and
the conversion of chlorine species.
3.3.2. Conversion of chloride and formation of AOXs
To understand the conversion of chloride during electrolysis,
Fig. 6 shows the variation of concentrations of all identiﬁed
chlorine species (Cl-, HClO/ClO-, ClO3
-, ClO4
!) with electroxidation
time at 1.45 and 43.5 mA cm!2. The formation of hypochlorite
species (HClO and ClO!) occurred during electrolysis at both
current densities and related to the electric charge (Fig. 6 (c)).
When the current density was close to the limiting current density
(i = 1.45 mA cm-2), Cl! was oxidized in hypochlorite and no other
species was observed (the sum of the concentration of Cl! and ClO!
equaled the initial concentration of Cl!). At higher current
intensities (43.5 mA cm-2), ClO! and ClO4
! were formed at the
beginning of electrolysis. The concentration of ClO! reached a
maximum value of 0.42 mM at 20 min, then decreased to 0.05 mM
at 120 min and disappeared at the end of electrolysis. The
concentration of ClO3
! during electrolysis at 43.5 mA cm-2 was
lower than the quantiﬁcation limit of ionic chromatography
(<1 ppm). After 300 min of electrolysis, 90% of chloride was
converted into perchlorate, which was the major chlorine species
in the solution at 43.5 mA cm-2.
It is evidenced that the formation of ClO4
! is highly related to
the applied current density, rather than the electric charge. Since,
for an electrical charge of 0.5 Ah L-1, a quarter of Cl! was removed
and half of it was converted into perchlorate at a high current
density (43.47 mA cm-2); at 1.45 mA cm-2, all the disappeared Cl!
were in the form of ClO!. This phenomenon can be attributed to
the fact that more oxygen species (mainly "OH) are electro-
generated for high applied current densities. It is known that
electrogenerated oxygen species play an important role in the
generation of ClO4
! from Cl! [36,37,60] (see equation 6 and table).
Azizi et al. have shown that on the BDD anode, the HClO4 is formed
by the homogeneous reaction between ClO3
" and "OH [39]. The
high concentration of electrogenerated oxygen species allows the
reactions between the intermediate chlorine species and oxygen
species to form ClO4
!. This explanation is also supported by the
studies of Jung et al. [36] showing that the electrogeneration rate of
ClO4
! depended on the concentration of oxygen species ("OH,
Fig. 4. Normalized variation of TOC during electrolysis of 1L of CIP solution.^K2SO4
0.1 mol L-1, initial pH = 4, [TOC]0 = 10.4 mg L
-1, ~ K2SO4 0.02 mol L
-1, initial pH = 6.4,
[TOC]0 = 11.2 mg L
-1; i0lim= 1.45 mA cm
-2 (i > i0lim), error bars = 5%.
Fig. 5. Variation of CIP (a) and TOC (b) in ^K2SO4 0.02 mol L
-1, &K2SO4 0.02 mol L
-
1+ 2.25 mmol L-1 KCl, during electrolysis of 1L CIP solution, [CIP]0 = 22.30 mg L
-1
(0.068 mmol L-1), [TOC]0 = 12 mg L
-1, i = 1.45 mA cm-2 (i0lim = 1.29 mA cm
-2), initial
pH = 6.
H2O2, O3). A faster generation rate of ClO4
!was observed for higher
concentrations of oxygen species.
Moreover, the presence of organics, such as CIP which are
scavengers of "OH may signiﬁcantly limit the production of
perchlorate. The obvious decrease in chloride concentrations only
occurred after approximately 40 min of electrolysis, when 90% of
CIP was removed at 1.45 mA cm-1. Conversely, higher current
densities (43.47 mA cm-1), chloride is oxidized from the beginning
of the electrolysis.
It is interesting to ﬁnd that intermediate species, such as ClO2
!
and ClO3
! were not observed before the formation of ClO4
! at
43.5 mA cm-1. This is probably due to the electrochemical BDD
anode's properties and the high applied current density. Radical
sites (for example C-O" and C") on the BDD anode surface act as
adsorption sites for ClOx
" radicals on anode surfaces [32]. Radical
sites can stabilize the ClOx
" radicals and increase their life time,
leading to favor their reaction with electrogenerated oxygen
species (mainly "OH) in the area close to the anode. The relatively
large concentration of hydroxyl radicals for a high current density
make it possible to directly form the terminal product (ClO4
!).
Furthermore, it can be observed from Fig. 6 (b) that the ﬁnal
concentration of the chlorine species (ClO4
!) was lower than the
initial concentration of Cl!. The risk of forming AOXs which are
toxic to the environment and human health, seems to exist, in
particular for high current intensities. Table 5 highlights that for a
current density of 43.5 mA cm-2, the quantity of AOXs at the end of
electrolysis is 13 times higher than that for a current density of
1.45 mA cm-2.
Addition and substitution reactions between organic com-
pounds and active chlorine (e.g., Cl2, OCl, HOCl) or chlorine radicals
(Cl", ClOx
") are the principal reasons for the formation of AOXs [32].
At high current density (43.5 mA cm-2) the amount of these
electrogenerated chlorine species is very high. In particular the
chlorine radicals, which can be formed on the electrode surface
(equation b, e, g, Table 1) and also possibly in the bulk with the
electrogenerated oxygen species (e.g. "OH, H2O2). For example, in
the bulk, ClO! reacts with electrogenerated H2O2 to form a
hypochlorite radical as Eq. 14 and 15 [61,62].
O H þ O H ! H2O2 ð14Þ
OCl! þ H2O2 ! O Cl þ O H þ OH
! ð15Þ
Consequently, using a high current density ( i
i0lim
> 30) in such
electrochemical processes poses the risks of the formation of AOXs.
Furthermore, the signiﬁcant formation of AOX at 43.5 mA cm-2
explains the low removal of TOC (40%) at the end of electrolysis.
This TOC is likely to be rather refractory to the electroxidation: the
value is stable from 120 mins’ (6 Ah L-1) to 300 min (15 Ah L-1)
electrolysis.
Thus, the choice of the appropriate current density (i - i0lim) is
important to limit the formation of refractory and toxic com-
pounds such as ClO4
! and AOXs for the application of electro-
chemical oxidation with the BDD to treat wastewater in the
presence of chloride.
Fig. 6. Concentration of chlorine species during electrolysis of K2SO4 0.02 mol L
-1
and 2.25 mmol L-1 KCl solution containing CIP: Cl! (^); Cl! + ClO! + ClO4
! (&); (b)
ClO! (~), ClO3
! ( ) ClO4
! (*) (a) i = 1.45 mA cm-2, (b) i = 43.48 mA cm-2, (3) ClO!
versus the electrical charge, initial pH = 6. The dashed line is the total concentration
of chlorine compounds in the solution. Error bars = .1.5%.for Cl-, .2%.for ClO4
-, .5%.
for ClO!.
Table 5
Concentration of AOX at initial time and after 300 min of electrolysis. Operating conditions: Fig. 6.
[Cl!]0
(mg L-1)
Current density (mA cm-2) EO time (min) Q
(Ah L-1)
TOC
(mg L-1)
AOX
(mg L-1 Cl)
78.0 0 0 0 12 < LD
78.5 1.45 300 0.5 1.1 370
76.5 43.5 300 15 6.8 4600
3.4. Electrochemical oxidation treatment of real wastewater
3.4.1. Effect of matrix on the removal of target pharmaceuticals and
COD
Electrolysis was carried out with NF retentate of biologically-
treated hospital wastewater. The physico-chemical characteristics
and composition of the wastewater are presented in Table 3. Fig. 7
shows the variation of concentrations of CIP and COD in
wastewater during electrolysis.
The CIP was totally removed after 80 min (0.4 Ah L-1). It can be
observed that during the ﬁrst 15 minutes CIP degraded fast in a
higher rate, thereafter the degradation rate decreased. The change
in the degradation rate was possibly induced by the production of
several kinds of intermediates. These may compete with CIP for
oxidation and slow down the observed CIP degradation rate in the
complex matrix. Nonetheless, the degradation rate of CIP in the NF
retentate matrix (0.091 min-1 for the ﬁrst 15 min and then
0.034 min-1) was higher than the one obtained in the synthetic
solution (performed under the same applied current density):
0.028 min-1. It can be suggested that some additional phenomena
occurred during the electrochemical oxidation of wastewater. As
discussed in section 3.2, the oxidants electrogenerated from salts,
such as SO4
"! and hypochlorite can accelerate the degradation of
CIP. The similar faster removal of COD was observed after 120 min
of electrolysis (Fig. 7 (b)). The calculation of faradic efﬁciency (ICE)
as function of COD values shows that ICE decreases from 44% to 10%
between 10 and 180 minutes of electrolysis. At the beginning of
electrolysis, the decay of COD was in excellent accordance with
theoretical values. After 120 min the difference between the
experimental and the theoretical values can be explained by the
effect of the reaction with the electrogenerated oxidants from salts.
3.4.2. Conversion of ions (in particular Cl!) during electrolysis
The presence of Cl! in the process must be studied carefully,
particularly to the possible formation of toxic by-products. Fig. 8
presents the conversion of chlorine species during 360 min
electrolysis of 1L NF retentate. It appears that the concentration
of Cl! declined with time and that ClO! and ClO4
! were formed
(concentration of ClO3
! was lower than the quantiﬁcation limits,
that are < 1 mg L-1). This electrolysis was performed with a real
wastewater which contains many organics including halogenated
organics. Thus, the initial quantity of chlorinated species is
unknown. During the electrolysis, the oxidation of such com-
pounds may produce chloride ions or perchlorate. Consequently, a
complete mass balance of chlorinated species cannot be achieved.
When the applied current density was close to the limiting
current (i = 4.34 mA cm-2, i0lim = 2.25 mA cm
-2), the generation of
undesired perchlorate ClO4
! has been observed only after 180 min.
At this time, the target pharmaceutical (e.g. CIP) was completely
degraded and 86% of COD was removed. The ClO4
! appeared only
after 120 minutes and reached 3 mg L-1 at the end of electrolysis. As
though that the presence of organics in the NF retentate inhibited
the formation of ClO4
! at the beginning of electrolysis, then the
inhibition effect weakened with the decrease in organic concen-
tration. This explanation is in accordance with the study of
Donaghue and Chaplin [43] in which the organics acted as "OH
scavengers and compete with ClO3
", which was the intermediate of
ClO4
! formation. In other words, based on Eq. 8, the limiting
current density decreases with COD decay. Herein, at 180 min
( iilimð180Þ > 26), as discussed in section 3.3.2, the use of high current
density favors the formation of ClO4
!. Consequently, the applied
current density, but also the electroxidation time are very
signiﬁcant for limiting of the ClO4
! formation. Another possible
strategy would be to adjust the value of the applied current density
with the COD value, according to Eq. 8.
In addition, it is worth noting that 80% of AOXs present in the NF
retentate (initial AOX = 2300 mg Cl L-1 and ﬁnal AOX = 450 mg Cl L-1)
were removed after 360 min of electrolysis.
Regarding the other mineral salts, (ﬁgure is given in Supple-
mentary Materials S1), on one hand, the concentration of NO3
! and
SO4
2! increased slightly during the process and stabilized which
can be explained by the degradation of organics containing atoms
of S and N. On the other hand, one can observe a signiﬁcant
decrease in the concentrations of Mg2+, PO4
3-, Ca2+and HCO3
!. This
decrease can be attributed to the scaling, which occurred on the
Fig. 7. Removal of CIP (a) and COD (b) with electrochemical oxidation time during
360 mins’ of electrolysis of 1L NF retentate. [CIP]0 = 76 mg L
-1 (0.023 mmol L-1),
COD0 = 81 mg L
-1, i = 4.34 mA cm-2 (i0lim = 2.25 mA cm
-2), pH = 8. Inset panel: kinetic
analysis of pharmaceuticals during EO under mass transfer control in NF retentate
(full symbols) and in synthetic solution (empty symbols).
Fig. 8. Variation of concentrations of chlorine species during 360 mins’ electrolysis
of 1L NF retentate: Cl! (^); (b) ClO! (~), ClO3
! (&) ClO4
! (*), pH = 7.8, [Cl!]0 = 2
mmol L-1, operating conditions: see Fig. 7.
electrolysis cell. Indeed, during electrolysis, the electrochemical
reduction of dissolved oxygen and water leads to the increase of
the local pH. The generation of hydroxyl ions disturbs the calco-
carbonic equilibrium of the solution. Hydrocarbonate ions (HCO3
!)
are converted into carbonate ions (Eq. 16):
HCO!3 þ OH
! ! CO2!3 þ H2O ð16Þ
Carbonate ions may react with calcium ions to form calcium
carbonate on the cathode surface.
Ca2þ þ CO2!3 ! CaCO3 # ð17Þ
In the same way, the precipitation of Mg(OH)2 happens at the
cathodes [63].
Mg2þ þ OH! ! MgðOHÞ2 # ð18Þ
To verify this hypothesis, the electrochemical cell was washed
with pure water and then rinsed with 0.7 L of H2SO4 0.1 M solution
for one hour. The acidic solution was analyzed before and after
washing. The rate of recovery for Mg2+, PO4
3-, Ca2+ after acidiﬁed
rinse was relatively satisfactory, with an accuracy of 20%. Even if
scaling occurred during electrolysis, the increase in cell potential
was not observed during electrolysis. The deposit of scaling should
be porous and should not hinder the electron transfer. However,
the long-term effect should be shortening the service life of the
electrodes. The satisfactory rate of recovery of Mg2+, PO4
3-, Ca2+
indicates that a simple rinse with acidic solution can be an effective
method to deal with the scaling of the cell. Regular recirculation
with an acidic solution in the electrolysis system could be an
efﬁcient strategy for protecting the electrode. Another treatment
consists of regularly applying reversal of electrode polarity, in
order to limit electrochemically dissolve the deposition of scale.
4. Conclusion
Beyond the increase in conductivity of the solution, the
presence of salts in the solution generally induces an increase in
the removal rate of pharmaceuticals, the chemical oxygen demand
and total organic carbon. Strong oxidants can be electrogenerated
from salts during electrochemical oxidation; these oxidants enable
to react chemically with organics. This is particularly true for
chloride and sulfate anions. The latter in contact with hydroxyl
radicals form sulfate radicals that react selectively with organic
compounds: the presence of sulfates accelerated the removal of CIP
and SMX, but had no effect on the oxidation of SALBU. A
remarkable acceleration of CIP degradation was also observed in
presence of Cl!. However, electroxidation at high current densities
surprisingly had adverse effect on the mineralization of pharma-
ceuticals. TOC removal indicated in presence of Cl! at i - i0lim from
70% to 90%, while dramatically decreased to 40% when i
iolim
> 30. The
signiﬁcantly quantity of AOXs formed at higher current densities
can explain the low removal rate of TOC. The formation of other
undesired by-products: ClO4
! was only observed at high current
densities ( i
iolim
> 30). The formation of ClO4
! and AOXs is strongly
related to the applied current density rather than the electric
charge. This can be explained by the fact that, under these
operating conditions, many hydroxyl radicals are produced and
consequently, many oxygen atoms are transferred to the chlorine
species and organics to form perchlorate and AOXs. This tendency
has been conﬁrmed during electrolysis of real wastewaters.
Perchlorate appeared when the organic matter has nearly
completely degraded.
These results highlight that it is very important to control the
electrolysis time in order to limit perchlorate formation or to adapt
the value of the applied current density with the COD value
according to the theoretical model of COD decay.
Moreover, the presence of Ca2+, Mg2+ and inorganic carbon
entails scaling which is due to the increase of the local pH at the
cathode. A regular rinsing of the electrochemical cell with acidic
solution or an electrochemical treatment consisting in reversal
polarity can be proposed to limit the decrease of lifetime of
electrode. The cleaning frequency should be adjusted according to
the hardness of the solution.
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